This study examined 396 base pairs of the mitochondrial cytochrome b gene from 110 individuals belonging to the genus Hampala , a group of freshwater cyprinids that inhabit Southeast Asia. The samples were taken from various locations throughout Sarawak, Sabah, and peninsular Malaysia. The nucleotide sequences were subjected to phylogenetic analyses by using the neighbor-joining, maximum parsimony, and maximum likelihood methods. All three methods revealed the reciprocally monophyletic relationship of Hampala macrolepidota to the other Hampala forms, thus strongly supporting its status as a distinct species. Phylogenetic analysis also discovered the existence of two H. bimaculata lineages endemic to Borneo: (1) 
INTRODUCTION
Hampala is one of the primary freshwater cyprinid fish genera in Malaysia. It is widely distributed in Southeast Asia (peninsular Malaysia, Sumatra, Java, Borneo, and IndoChina). Hampala species are usually abundant, and individuals are large enough (maximum total length ~700 mm) to be of interest as food fishes. One characteristic that attracts our interest to this genus is that it shows much geographical variation in coloration and morphological traits. There are currently seven described species of Hampala from Southeast Asia: H. ampalong (Bleeker) from Brunei and Indonesia (Sumatera) (Kottelat et al ., 1993) ; H. bimaculata (Popta) from Borneo (Kottelat et al ., 1993) ; H. dispar (Smith) from Cambodia (Rainboth, 1996) ; H. lopezi (Herre) from the Philippines (Herre, 1924) ; H. macrolepidota (Valenciennes), the most widespread Hampala form, from throughout the region (Roberts, 1989) ; H. sabana (Inger and Chin, 1962) from North Borneo (Lim and Wong, 1994) ; and H. salweenensis (Doi and Taki) from Thailand (Doi and Taki, 1994) . However, only three Hampala species are currently described from Malaysia. A single species, H . macrolepidota , has been recorded from peninsular Malaysia (Mohsin and Ambak, 1983; Roberts, 1989) , and at least another two species have been recognized in Borneo: H . bimaculata (Kottelat et al ., 1993) in central and northern Sarawak and the west coast of north Borneo (Sabah), and H . sabana (Lim and Wong, 1994) from the Kinabatangan basin and the streams draining into Sandakan Harbor (Inger and Chin, 1962 ). Surprisingly, H. ampalong described from neighboring Brunei (Kottelat et al ., 1993) has never been collected from the other parts of Borneo, reflecting its rarity and limited distribution.
Fish systematics has historically depended on morphological techniques for identifying groups of evolutionarily related species (Stepien and Kocher, 1997) . However, recently the development of molecular techniques has helped to invigorate the study of fish systematics (Stepien and Kocher, 1997) . Systematics includes the discipline of taxonomy, as well as phylogenetic analysis. DNA sequencing is one of the techniques that has been applied widely in phylogenetic studies. A few studies have incorporated molecular phylogenetic analysis in determining the relationships among freshwater fishes ( e.g ., Dodson et al ., 1995; Chen et al ., 1998; Wang et al ., 2000) . The mitochondrial cytochrome b (cyt b ) gene is perhaps the best studied DNA segment in fishes, and several studies have shown its usefulness in elucidating evolutionary patterns in fishes ( e.g ., Kocher et al ., 1989; Meyer et al ., 1990; Carr and Marshall, 1991; Block et al ., 1993; Zhu et al ., 1994; Carr et al ., 1995) . It has been well demonstrated that this gene retains a history of past isolation (Avise, 1989; Bilington and Hebert, 1991) .
Very little taxonomic work had been done to systematically sort out Malaysian freshwater fishes for proper reference. The systematics of Hampala , for example, has not been completely resolved. Although Inger and Chin (1962) elaborated much concerning the diet, habitat, morphological description, and distribution of species of Hampala , these authors focused only on the Sabah region. Thus, confusion remains in the classification of this genus, especially in dealing with specimens from other regions. In Malaysia, there is a lack of molecular studies to verify classical work on fish taxonomy. Our study represents a fresh attempt to assess the phylogenetic relationships among different forms of Hampala by sequence analysis of partial cyt b sequences. Our objectives were to (1) investigate the phylogenetic relationships among different forms of Hampala in Malaysia, and (2) clarify of the taxonomic status of Malaysian Hampala species. Table 1 for detailed information on each locality).
MATERIALS AND METHODS

Sample collection
A total of 110 fish of various forms of Hampala (H. bimaculata, H. macrolepidota , and H. sabana) were caught from 23 locations throughout Sarawak, Sabah, and peninsular Malaysia ( Fig. 1 ; Table  1 ) and were analyzed. Whole fish were collected and either preserved in 95% ethanol or frozen at -80 ° C. In some cases, only a small portion of tissue was available during sampling, and most identification was done prior to preservation. Out of 110 individuals caught, only 80 individuals were analyzed by measurement and examination of selected characters, as was done by Inger and Chin (1962) . Whole fish were identified with the keys of Inger and Chin (1962) , Mohsin and Ambak (1983) , Roberts (1989) , and Kottelat et al . (1993) . Voucher specimens of each species identified were deposited at the Faculty of Resource Science and Technology, Universiti Malaysia Sarawak Zoological Museum.
DNA extraction, amplification, and sequencing
Total genomic DNA was extracted from about 1-2 mm 3 of fresh and ethanol-preserved tissue samples following a modified CTAB (cetyltrimethylammonium bromide) procedure as described by Grewe et al . (1993) . Amplifications were carried out in a thermal cycler (Biometra). Optimization of PCR was done using 25 μ l reaction volumes containing 2 μ l DNA (~15-20ng), 1 × PCR buffer, 0.2mM dNTPs (Promega), 1.5mM MgCl 2 , 1.25 pmol of each primer, and 0.05 U Taq polymerase (Promega). Two cyt b primers were used: GluDG-L, 5'-TGACTTGAARAACCAYCGTT G-3' (Palumbi et al ., 1991) and CB2-H, 5'-CCCTCAGAATGATATTTGTCCTCA-3'. Amplification was done using the following PCR profile: a preliminary denaturation at 96 ° C for 5 min followed by 25 cycles of 95 ° C for 45 sec, 47 ° C for 45 sec, and 72 ° C for 45 sec. This was followed by a final extension period at 72 ° C for 7 min before the samples were cooled to 4 ° C. Each PCR product was run on 1% agarose gel for confirmation of equal length against an appropriate size marker. The PCR products obtained were later purified using DNA purification kits (Fermentas and Promega) according to the manufacturers' instructions. Cycle sequencing was performed for 35 cycles of 96 ° C for 10 sec, 55 ° C for 5 sec, 60 ° C for 4 min, followed by cooling to 4 ° C. Sequencing reaction products were purified by precipitation with ethanol and sodium acetate. Sequencing for each sample was carried out only on the forward strand with an ABI PRISM ® 377 DNA Sequencer.
Sequence alignment and phylogenetic analyses
Multiple alignments of the nucleotide sequences were done with the program ClustalX 1.81 (Thompson et al ., 1997) and subsequently adjusted by eye. To estimate levels of inter-and intrapopulation genetic diversity, standard genetic diversity indices including the number of haplotypes, haplotype diversity ( h ) (Nei, 1987) , and nucleotide diversity (Pi) (Nei, 1987) were calculated using the DNA polymorphism option implemented in DNA SP version 3.50 (Rozas and Rozas, 1999) . Two analyses of patterns of geographical subdivision, F ST (Hudson et al., 1992) and pair-wise distance using the Kimura two-parameter model (Kimura, 1980) , were done to estimate genetic distances among the different forms of Hampala. Calculations of FST were performed using DNA SP version 3.50 (Rozas and Rozas, 1999) , while pair-wise distance analyses were performed using MEGA2 (Kumar et al., 2001) .
Phylogenetic trees were constructed (analysis done using haplotypes) by using the unweighted maximum parsimony (MP) and neighbor-joining (NJ) methods implemented in MEGA2 (Kumar et al., 2001 ) and the maximum likelihood (ML) method implemented in PAUP* version 4.0b 10 (Swofford, 1999) . The NJ clustering was performed using the Kimura 2-parameter substitution model (Kimura, 1980) with the complete deletion option, and the MP analysis was done using the close-neighbor-interchange (CNI) option. The ML analysis was conducted by using the puzzle method available in PAUP*. All trees inferred from the partial cyt b sequences were rooted with Puntius binotatus (Valenciennes) (Cyprinidae: spotted barb) and Helostoma temmincki (Cuvier) (Helostomatidae: kissing goramy) as outgroup taxa. Phylogenetic confidence was estimated by bootstrapping (Felsenstien, 1985) with 1,000 replicate data sets.
The nucleotide sequences were later translated into amino acid sequences by using the genetic code for vertebrate mtDNA. The Barbus canis sequence obtained from GenBank (Accession No. AF288486) was also aligned as the reference sequence. Finally, all the sequences were registered with GenBank under accession numbers AY697301-AY697412.
RESULTS
Morphological identification of samples
The samples caught from the 23 different locations showed much morphological variation in coloration and external-character counts (Table 2) . Morphological measurements identified two forms of H. bimaculata, which differed in coloration and gill-raker counts (Table 2) . One form collected from northern Sarawak and the west coast of Sabah corresponded to the H. bimaculata previously described by Inger and Chin (1962) , while another newly identified form was collected from southern and central Sarawak. Thus, prior to phylogenetic analyses, we treated these as two different forms of H. bimaculata: (1) H. bimaculata Type A (southern and central Sarawak samples) and (2) H. bimaculata Type B (northern Sarawak and west coast Sabah samples). In contrast, H. macrolepidota was easily identified, comprising a single form distinct from the two H. Morphological measurements showed differences in gill-raker counts between the intermediate-form samples from Kalabakan (gill-raker counts: 12-13) and Tawau (gill-raker counts: 10-11). Our morphological study did not identify any fish as H. ampalong; thus, this species was not included in the phylogenetic study. Overall, morphological measurements in this study generally correspond with the previously described Hampala species in Borneo (Inger and Chin, 1962; Kottelat et al., 1993) , but with the additional important findings of the newly identified form of H. bimaculata (Type A) in central and southern Sarawak and possibly a cryptic species in Kalabakan, Sabah.
Sequence analysis and genetic diversity
Aligned partial sequences of 396 bp of the mitochondrial cyt b gene from 110 Hampala individuals represented only 34.7% of the total length of the cyt b gene in fishes (e.g., Briolay et al., 1998; Perdices et al., 2002) . The base composition showed an anti-G bias (Table 3) , which is characteristic for this mitochondrial gene (Cantatore et al., 1994;  Briolay et al., 1998) . The low G content (mean: 14.4%) and the almost identical A, C, and T contents (mean: 30.0, 26.4, and 29.2%, respectively) were similar to those previously reported for fish cyt b sequences (e.g., Martin and Bermingham, 1998; Briolay et al., 1998; Perdices et al., 2004) . Haplotype diversity (h) and nucleotide diversity (Pi) were also calculated for each population under study (Table 1 ) and for each of the Hampala forms (Table 3) . From the 396-bp sequence, 144 (36.4%) variable or polymorphic sites were observed, with most variation (68.1%) occurring at third-codon positions. In addition, among the 144 variable sites, 95 (66.0%) were parsimony-informative sites. The total number of mutations was 186, with most of the mutation events being transitions (60.8%). The pattern of nucleotide substitutions in Hampala species is very similar to that observed for other fishes (Martin, 1995) . The rate of transition substitutions is at least an order of magnitude higher than the rate of transversion substitutions (data not shown). Protein translation of the 396-bp fragment revealed 132 acid amino residues, among which 31 (23.5%) were variable sites and 12 (38.7%) were parsimony-informative.
In total, 23 haplotypes were distinguished in the nucleotide sequence data set: 11 haplotypes for H. Pairwise genetic distances (number of nucleotide substitutions per site) among the geographical populations are shown in Table 4 , and the summarized genetic distances among the five Hampala forms in Tables 5. The inter-population analysis revealed only small genetic differences between H. macrolepidota from southern peninsular Malaysia and southern and central Sarawak (0.1-1.0%; Table 4 ). The distance value of 9.2% (Table 5) Table 4 ). In contrast, the intermediate-form samples from Kalabakan were genetically divergent from both H. sabana (6.7%; Table 4 ) and H. bimaculata Type B (8.2%; Table 4 ).
Phylogenetic relationships and population structure
The phylogenetic relationships of Hampala constructed from the 23 haplotypes are summarized in Figs. 2 and 3 . The NJ analysis produced a tree topology identical to that from the ML analysis (-ln L, unconstrained=1255.92874). Thus we combined the trees from both methods into a single tree represented by the NJ tree (Fig. 2) . The tree from the unweighted MP analysis (tree length=244; CI= 0.762295; RI= 0.876858) revealed a similar topology (Fig. 3) with that from the NJ and ML methods, but with a few differences. The phylogenetic trees (nucleotide data set) obtained from all three methods divided the samples into two clades supported by high bootstrap values (>95% for all methods). Group 1 consisted of all the widespread H. macrolepidota haplotypes, while group 2 contained the Borneo endemic Hampala-form haplotypes: H. sabana, the intermediate form, and both H. bimaculata forms (Type A and Type B). In Group 1, there was a close relationship among the H. B) . High genetic divergence between these two lineages (9.2%) and their morphological distinction in gill-raker counts support their status as distinct taxa. Therefore, a revision of the taxonomic status of H. bimaculata in Sarawak is suggested, with recognition of the newly identified lineage (H. bimaculata Type A) as a new species. We believe that the exclusion of H. ampalong sequences did not affect the significant findings of this study, particularly the identification of the new H. bimaculata mtDNA lineage, since the former species was morphologically distinct from the latter as well as from the other Hampala forms currently found in Borneo. Briefly, H. ampalong was easily identified by the presence of a series of dark spots anterior to the caudal base, while both H. bimaculata lineages were identified by the presence of a vertical black bar on each side below the dorsal midline and a second vertical bar or spot on the caudal peduncle (Kottelat et al., 1993) .
The phylogenetic relationship between Hampala from northern Sarawak and Sabah (subgroup 2B consisting of H. bimaculata type B, H. sabana, and the intermediate form) remains unclear, particularly regarding the basal group. All three methods supported a sister-group relationship between the undescribed intermediate form from Kalabakan and the Tawau population (genetic distance of 7.1%), suggesting their status as separate lineages. The genetic divergence was congruent with morphological differences in gillraker counts (12-13 for Kalabakan and 10-11 for Tawau). Furthermore, the high genetic divergences between the Kalabakan lineage and the H. macrolepidota (12.8%), H. bimaculata Type B (8.2%), and H. sabana (6.7%) lineages clearly indicate its genetic distinctiveness from the other Hampala forms. Thus, the Kalabakan population could represent a distinct evolutionary unit for conservation (Moritz, 1994; Nielsen, 1995) , possibly a cryptic species.
The close genetic relationship found between H. sabana and the intermediate-form population from Tawau (only 0.3% divergence) suggested a different scenario from that of the Kalabakan population mentioned above. It may be that the Tawau population is actually a subpopulation of H. sabana. Alternatively, the results may indicate recent secondary contact of the H. sabana lineage with the undescribed Tawau lineage due to breakdown in a geographical barrier to gene flow. This contact could have happened during Pleistocene glacial intervals, as observed by Dodson et al. (1995) in explaining the close relationship between cat- fish species from Borneo and the Asian mainland. Another explanation could be that the intermediate-form population from Tawau represents a hybrid between H. sabana and H. bimaculata Type B, as was suggested by Inger and Chin (1962) , exhibiting mtDNA characteristics very close to the former but morphologically similar to the latter. However, the mtDNA used in this study was insufficient to detect a hybridization event, and data from a nuclear gene are needed. Additionally, the length of the fragment used in this study was very short (only ~27% of the complete cyt b gene), and perhaps polymorphic sites that could differentiate the two species lie outside the fragment studied. Finally, plasticity in behavioral or morphological characters without any major genetic divergence (mutation) within a population could also explain the condition above. In order to adapt to various ecological habitats (sometimes very extreme conditions), morphological adaptation perhaps occurred without any changes in the genetic structure, as seen by Greenberg et al. (1998) in the coastal plain swamp sparrow. However, choosing the most parsimonious among these various hypotheses is difficult based on the current data alone. Further studies using more fish samples from other localities throughout the Tawau and Labuk-Segama regions and highly variable co-dominant nuclear markers such as microsatellites are needed to fully elucidate the taxonomic status, the occurrence of hybridization, and genetic boundaries between Hampala lineages in North Borneo.
In this study, the phylogenetic relationships among Hampala fishes were clarified, particularly between H. macrolepidota and H. bimaculata. Our results also clarified the taxonomic status of the two H. bimaculata forms in Sarawak (Type A from the southern and central regions and Type B from the northern region). We recommend a revision of the taxonomy of H. bimaculata, with the recognition of H. bimaculata Type A as a new species. The high levels of genetic and morphological differences of the Kalabakan population from the southeastern Sabah region suggest it is a newly identified cryptic species. However, a larger sample size (about 30 individuals per river system) from the watersheds of central and southeastern Sabah should be analyzed to give better insight into the phylogeny and phylogeography of Hampala species in these regions. The use of other, rapidly evolving mitochondrial genes (e.g., control region) or the complete cyt b gene may also facilitate understanding the phylogenetic relationship between H sabana and the intermediate form from southeastern Sabah. Finally, the inclusion of the other four Hampala species (H. ampalong, H. dispar, H. lopezi, and H. salweenensis) in a future study will provide a better picture of the evolutionary history and radiation of fishes of the genus Hampala in Southeast Asia.
